We investigated the effect of thyroid hormone status on renal handing of Ca 2þ . Further, like kinetics of Ca 2þ transport across brush-border membrane (BBM) and basolateral membrane (BLM) of renal epithelial cells was carried out. FE Ca was decreased in hyperthyroid (Hyper-T) rats and increased in hypothyroid (Hypo-T) rats as compared to euthyroid (Eu-T) rats. Ca 2þ uptake into renal brush-border membrane vesicles (BBMV) was increased in Hyper-T rats and decreased in Hypo-T rats as compared to Eu-T rats. K m was lower in Hyper-T rats and higher in Hypo-T rats as compared to Eu-T rats whereas, V max remained unaltered. The transition temperature for calcium uptake varied inversely with the thyroid hormone status. Renal BBM of Hyper-T rats showed decreased anisotropy and polarisation of DPH as compared to EU-T rats whereas these values were increased in Hypo-T rats. Thus, the altered BBM fluidity appears to modulate Ca 2þ transport across BBM. Na þ /Ca 2þ exchange activity of renal cells was increased in Hyper-T and decreased in Hypo-T rats as compared to Eu-T rats. V max for Na þ /Ca 2þ exchange was increased in Hyper-T rats and deceased in Hypo-T rats as compared to Eu-T rats, whereas, [Na þ ] 0:5 was similar in all three groups. The c-AMP levels of renal cortex of Hyper-T rats was increased and that of Hypo-T rats decreased as compared to Eu-T rats. Thus, thyroid hormones increased Ca 2þ reabsorption in the kidney of rat. Thyroid hormone-mediated modulation of BBM fluidity appears to stimulate Ca 2þ uptake into renal BBMV. Thyroid hormones possibly activated the Na þ /Ca 2þ exchanger through cAMP-dependent pathway. ß
Introduction
Thyroid dysfunction is frequently associated with disturbances of calcium (Ca 2þ )and inorganic phosphate (Pi) homeostasis, thus it is apparent that thyroid hormones must play an important role in mineral metabolism [1, 2] . Thyroid hormones also have a signi¢cant role in controlling in kidney growth and function [3, 4] . Ca 2þ excretion is increased in those with hyperthyroidism [5] and is reduced in individuals with hypothyroidism [6] . Hypercalcaemia is frequently observed in thyrotoxicosis humans as well as in experimental animals [6, 7] . Long-term hyperthyroidism resulted in net negative Ca 2þ balance in response to increased skeletal turnover. It is noteworthy here that long-term hyperthyroid state is also associated with malabsorption of Ca 2þ and increased bone resorption. On the other hand, hyperthyroidism is known to increase renal blood £ow, glomerular ¢ltration rate (GFR) and reabsorption of P i , Ca 2þ and Na þ [8, 9] . Na þ -gradient-driven P i transport into the rat renal brush-border membrane vesicles has been shown to be increased by thyroid hormones [10, 11] . Moreover, in the embryonic chick jejunum, T 3 alone also has been shown to increase the Na þ /P i transport [12, 13] . In the same system, T 3 has been shown to markedly enhance various e¡ects of 1,25 (OH) 2 D 3 on Ca 2þ , P i and D-glucose absorption in a permissive manner. Kinsella et al. have been shown to increase the Na þ /H þ exchange activity in rat renal brush-border membrane vesicles in response to thyroid hormones [14] . Recently, Azuma et al. have demonstrated that of the four isoforms of Na þ /H þ exchanger mRNAs, NHE 3 isoform predominates at the mRNA level, is expressed at brush-border membranes in response to thyroid hormones [15] . Recently, studies of Kobori et al. have suggested that thyroid hormone activates intrarenal renin angiotensin system via enhancement of renal renin mRNA expression which then leads to renal hypertrophy [3] .
In view of the above facts, it can be infer that short term and long-term supplementation of thyroid hormones may have di¡erential e¡ects on calcium metabolism. The kidney is undoubtedly the most important site for the regulation of Ca 2þ homeostasis; however, there is no report of regulatory e¡ects of short term supplementation of thyroid hormones on renal Ca 2þ handling to date. The molecular basis of action of thyroid hormone with regard to transcellular movement of Ca 2þ in mammalian kidney has not been clari¢ed. Therefore, the present investigation was conducted to elucidate the mechanism of action of thyroid hormones on the Ca 2þ transport systems involved in transcellular movement of Ca 2þ in kidney.
Materials and methods
Thyroid powder and Tri-n-octylamine were purchased from ICN Pharmaceutical (CA, USA). Collagenase (Type I-S), hyaluronidase (bovine testis), 2-thiouracil, calcium chloride, HEPES, Tris, EGTA, L-hydroxybutyrate, p-nitrophenyl phosphate, o-cresolphtahlen complexone, DPH and Fura 2-AM were purchased from Sigma Chemical Co. (MO, USA). 45 CaCl 2 was purchased from Board of Radiation and Isotope Technology, Mumbai (India). Glucose oxidase-peroxidase kit was procured from Boehringer Knoll (Germany). All other reagents were of highest purity and obtained from commercial sources. The cellulose nitrate ¢lters (0.45 and 5.0 Wm pore size) and HPLV ¢lters (0.45 Wm pore size) were purchased from Millipore (MA, USA).
Metabolic studies
The experiments conducted in the present study were approved by the Ethical Committee of the institute. Adult male Wistar-derived rats (150^170 g) were obtained from animal breeding colony of the institute. The animals were acclimatised to laboratory conditions for few days before the experiments were begun. All animals were housed individually in plastic cages with stainless steel lids and were fed rat chow (Hindustan Lever, Mumbai, India) containing 20% protein, 0.7% calcium, 0.5% phosphorus and tap water ad libitum. The rats were randomly segregated into three groups, viz.: Hypo-T, Hyper-T, Eu-T. Hypo-and hyperthyroid states were induced essentially as described by Kinsella and Sacktor [14] . Hypo-T rats were fed 2-thiouracil added to the chow (3 g/kg), Hyper-T rats were fed thyroid powder (1 g/kg) and water (0.25 g/l). Hyper-T rats were fed thyroid powder (1 g/kg) added to the thiouracil-containing chow. All the rats were kept on the test diets for 3 weeks. During the course of treatment rats were bled from tail vein under light ether anaesthesia. At the end of study, the animals were killed under light ether anaesthesia and aortic blood was collected. T 3 and T 4 levels in the sera were determined using enzyme-linked immunoassay kits obtained from IFCI Clone Systems (BO, Italy). Plasma and urinary calcium was estimated by the method of Baginsky et al. [16] . Ionised calcium level was measured using AVL 988^4 ISE analyser (CH, Switzerland). For metabolic study, rats were housed in metabolic cages and allowed to acclimatise for 3 days. Urine samples were collected in 200 Wl of 12 M HCl for three consecutive 24-h periods before sacri¢ce and stored in refrigerator until analysed (within 24 h). Plasma and urinary creatinine were measured on autoanalyser. Endogenous creatinine clearance (C Cr ) was calculated as a measure of GFR and fractional excretion of calcium (FE Ca ) was calculated as %(C Ca /C Cr ).
Preparation of renal brush-border membrane vesicles (BBMV)
Renal BBMV were prepared by di¡erential centrifugation procedure essentially as described earlier [17, 18] . Under light ether anaesthesia, the animals were decapitated and immediately, the kidneys were removed promptly, rinsed with ice-cold normal saline and dissected to remove medulla. All procedures thereafter were carried out at 4 ‡C. Minced cortices were homogenised in bu¡er A (50 mM mannitol, 2.0 mM Tris, pH 7.2) using a Potter^Elvehjem homogeniser. MnCl 2 was added to a ¢nal concentration of 4 mM and the suspension stirred for 20 min followed by centrifugation at 4500Ug for 15 min. Supernatant thus obtained was centrifuged at 35 000Ug for 30 min. The pellet was again obtained after second centrifugation step was washed twice with bu¡er B (300 mM mannitol, 25 mM HEPES^Tris, pH 7.4) by resuspension and centrifugation. Finally, the pellet was resuspended in 0.5^1.0 ml bu¡er B, passed through a 26-gauge needle ten times and kept at 4 ‡C for 2 h before carrying out transport studies.
Purity of the BBM was checked by measuring the speci¢c activities of marker enzymes in renal BBMV and in original homogenates essentially as described earlier [17, 18] , was found to be similar in all three groups (data not shown). Protein content was determined by a modi¢ed Lowry's method as described by Peterson et al. [19] . The protein yield in renal BBM isolated from Eu-T, Hypo-T and Hyper-T rats were similar (4.4^5.7 mg/g renal cortex). . At a speci¢ed time, the uptake was terminated by the addition of 3 ml of ice-cold stop solution consisting of 150 mM KCl, 15 mM Tris, 5 mM EGTA (pH 7.4). The ¢lters were rinsed twice with this solution. Radioactivity retained on the ¢lters was measured by liquid scintillation counter (Wallac 1409 Turku, Finland). Ca 2þ uptake was also measured at di¡erent temperatures. Transition temperature was calculated from the Arrhenius plots using linear regression analysis [17, 18] . The intercept of the two straight lines, below and above the break point was taken as the transition temperature.
Transport measurements in renal BBMV

Isolation of renal cells
The renal cells were isolated essentially as described by Hanai et al. [20] . The kidneys were perfused with Hank's balanced salt solution containing 11 mM glucose (isolation medium). The renal cortices were ¢nely minced and the tissue suspended in 30 ml of the isolation medium containing collagenase (1 mg/ ml) and hyaluronidase (1 mg/ml). The suspension was incubated with constant agitation in a shaking water bath for 30 min at 37 ‡C. The suspension was centrifuged at 130Ug for 1 min, and the supernatant was discarded. The pellet was resuspended in 10 ml of isolation medium and recentrifuged. The pellet was resuspended and the mixture centrifuged at 43Ug for 10 s. The resultant supernatant, containing the cells was centrifuged again at 130Ug and the sedimented cells were washed twice by alternating suspension and centrifugation. The cells were suspended in incubation medium containing 140 mM KCl, 10 mM, HEPES^Tris bu¡er (pH 7.4), 10 mM mannose, 0.5 mM L-hydroxybutyrate, and 2.5 mM glutamine, and washed twice. The cells suspension was ¢nally suspended in the same incubation medium.
Microscopic examination of the preparations revealed single cells and some cell aggregates. Cell viability was assessed by trypan blue exclusion before and after carrying out the experimental procedure. Viability exceeded 94% in the freshly isolated cells and was always greater than 85% after completion of the experiments. Cellular integrity was also assessed by measuring the leakage of lactic acid dehydrogenase activity. Cells suspended in the incubation medium were incubated for 30 min at 37 ‡C with vigorous shaking in the absence and presence of 0.3% Triton X-100. After incubation the cells were centrifuged, and lactic acid dehydrogenase activity in the supernatant was determined [21] .
Uptake of calcium
A 100-Wl aliquot of the cell suspension was pre-equilibrated in shaking water bath for 5 min at 37 ‡C. Uptake was initiated by the addition of 100 Wl of incubation solution containing 140 mM choline chloride, 10 mM HEPES, adjusted to pH 7.4 with KOH, and 2 mM 45 CaCl 2 (0.5 WCi), thus the ¢nal concentration of Ca 2þ was 1 mM. Uptake was terminated at speci¢ed various time by the addition of 4 ml of ice-cold incubation solution devoid of Ca 2þ but containing 5.0 mM EGTA. The mixture was immediately ¢ltered over a 5.0-Wm pore size cellulose nitrate ¢lter using vacuum ¢ltration. The ¢lter was further rinsed twice with 4 ml of the same solution. The ¢lter was then placed in 1.0 ml of 0.1 N NaOH for 3^4 h. Ten ml of Bray's scintillation £uid was then added and radioactivity measured in a scintillation counter.
E¥ux of calcium
The cells were incubated with 1 mM 45 CaCl 2 for 30 min as described for the uptake studies. The time chosen was 30 min since cells from Hypo-T, Hyper-T and Eu-T rats attained equilibrium Ca 2þ uptake between 15 and 20 min (data not shown). To examine e¥ux, cell suspension was diluted 10-fold with an e¥ux solution containing 140 mM choline chloride/ NaCl, 2 mM EGTA, and 10 mM HEPES, pH 7.4. At speci¢ed times, the e¥ux was terminated by the addition of ice-cold solution containing 140 mM choline chloride, 5.0 mM EGTA, 10 mM HEPES, pH 7.4. The mixture was ¢ltered over a 5.0-Wm pore size ¢lter, rinsed twice with ice-cold stop solution and radioactivity retained was measured as described for uptake studies. Na þ -dependent e¥ux was calculated as the di¡erence between e¥ux measured in the presence of choline and the e¥ux in the presence of Na þ in extracellular medium. E¥ux was also measured in the presence of various concentrations of Na þ in extracellular medium. Osmolarity was maintained constant by appropriate combinations of NaCl and choline chloride.
Quantitation of cAMP in renal cortex
The cAMP content of renal cortex was quantitated by a reverse-phase high-performance liquid chromatography (HPLC) procedure [22] , Brie£y, ¢nely minced renal cortex was homogenised in 9 volumes of ice-cold 5% TCA using a Potter^Elvehjem homogeniser (14 000 rpm) for 60 s. The homogenate was centrifuged at 10 000Ug for 10 min to remove precipitated proteins. Supernatant was then mixed with equal volume of neutralisation and extraction mixture consisting of tri-n-octylamine (TNO) and CCl 4 (1:3 v/v) and vortexed. The mixture was then centrifuged at 5000Ug for 1 min. The upper aqueous phase, which contained the extracted cAMP, was analysed promptly. The HPLC system from LDC-Milton Roy with an attached integrator consisted of a variable wavelength UV detector, equipped with 9.0 Wl analytical £ow cell, a Rheodyne 7125 injector and a 'Spherisorb' C-18 ODS, 3.0 Wm (100U3.2 cm) reverse-phase column. The mobile phase for HPLC was a mixture of methanol (2% v/v) and sodium phosphate bu¡er (50 mM NaH 2 PO 4 , 50 mM Na 2 HPO 4 , pH 6.8). Prior to use the solution was degassed by vacuum ¢ltering through a 0.45-Wm pore size Milipore HPLV membrane ¢lter. Neutralised samples were analysed using an injection volume of 20 Wl into HPLC column via the Rheodyne 7125 injector. Peaks were monitored at 254 nm.
Validation of the peak for cAMP in tissue extracts was carried using the following methods: (i) comparison of the peak retention time with a reference standard and (ii) co-chromatography with a reference standard. The percentage recovery of cAMP remaining after removal of TCA by an equal volume of TNO/CCl 4 mixture was estimated by comparing the amount of cAMP in standard A (prepared in 5% TCA) after removal of TCA to the amount of cAMP in standard B (aqueous). Recovery of cAMP was expressed as (amount in standard A)/(amount in standard B)U100. Recovery of cAMP was not signi¢cantly di¡erent form 100% (two-tailed t-test, P s 0.05).
Statistical analysis
In all experiments, the data are expressed as the mean þ S.E.M. of four to six independent observations. The statistical analysis was performed by means of one-way analysis of variance (ANOVA). Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups.
F-values with P90.05 were considered signi¢cant.
Results
E¡ect of thyroid hormone status on metabolic parameters
Before initiation of speci¢c dietary regimens various metabolic parameters were measured and found not to be signi¢cantly di¡erent in all three groups (data not shown). Tables 1 and 2 depict various metabolic parameters in the Hypo-T, Hyper-T and Eu-T rats after being fed respective diets for 3 weeks. At the end of dietary regimen, hypo-and hyperthyroid states were induced in Hypo-T and Hyper-T rats. This is in accordance to the results obtained by Kinsella and Sacktor, and Prasad et al. [14, 18] . The body weight of Hyper-T rats was signi¢cantly lower than Hypo-T and Eu-T rats. There was no signi¢cant difference in body weights between Hypo-T and Eu-T rats, however, the food intake was signi¢cantly higher in Hyper-T rats in comparison to Hypo-T and Eu-T rats. This alteration in food intake in di¡erent groups is in accordance to earlier reports and is associated with basal metabolic rate [23] . The kidney weight to body weight ratio of Hyper-T rats was signi¢cantly higher as compared to Eu-T and Hypo-T rats. We measured endogenous creatinine clearance (C Cr ) as an index of GFR. GFR as well as GFR/100 g body weight were increased signi¢-cantly in Hyper-T rats compared to Hypo-T and Eu-T rats, indicating a substantial increase in ¢ltered load. FE Ca was signi¢cantly reduced in Hyper-T rats as compared to Hypo-T and Eu-T rats. Hypo-T rats in contrast showed a signi¢cantly increased FE Ca as compared to even Eu-T rats. Total and ionised Ca 2þ levels in plasma of rats from all three groups were similar.
E¡ect of thyroid hormones on Ca
2þ uptake into renal BBMV Ca 2þ transport activity of renal BBMV was affected by the thyroid hormone status of the rats from which the membranes were derived (Fig. 1 ) Hyper-T rats showed a signi¢cantly increased Ca 2þ uptake (initial rate) into the renal BBMV as compared to Hypo-T and Eu-T rats. In contrast, Hypo-T rats showed a signi¢cant decrease in initial uptake of Ca 2þ as compared to Eu-T rats. Equilibrium (2 h) Ca 2þ uptake was similar in the three groups. To analyse the kinetic properties of the Ca 2þ transport into renal BBMV, the initial (30 s) uptake of Ca 2þ into the renal BBMV was measured in the presence of di¡erent concentrations of Ca 2þ in the extravesicular medium. Fig. 2 depicts the Lineweaver^Burk plot of Ca 2þ uptake into renal BBMV in the presence of various concentrations of Ca 2þ . Hyper-T rats showed a signi¢cant decrease in the Michaelis^Menten constant (K m ) in the renal Values are mean þ S.E.M. (n = 6). Statistical analysis was done by means of ANOVA using pre-planned orthogonal contrast. Superscript a,b: F-values with P90.05 compared to the Eu-T and Hypo-T rats, respectively, were considered signi¢cant. Table 2 E¡ect of thyroid hormone status on renal function BBMV as compared to Hypo-T and Eu-T rats. Hypo-T rats on the other hand showed signi¢cantly higher Km as compared to the Eu-T rats. Thyroid hormone status did not alter the apparent V max in the renal BBMV in either of the groups. Ca 2þ transport into renal BBMV isolated from di¡erent groups was carried out at various temperatures to determine the e¡ect of physical state of membrane lipids on its activity. The temperature dependence of Ca 2þ transport activity was expressed as Arrhenius plot (Fig. 3) . The linear plots with two slopes were observed in renal BBMV from the three groups. There was a signi¢cant increase in the transition temperature of renal BBMV of Hypo-T rats compared to Hyper-T and Eu-T rats. However, Hyper-T rats showed a signi¢cant decrease in the transition temperature as compared to Eu-T rats. . Statistical analysis was conducted using one-way ANOVA. Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups. *, 2 F-Values having P 6 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered signi¢cant. . Statistical analysis was conducted using one-way ANOVA. Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups. *, 2 F-Values having P 6 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered signi¢cant. ] in the extravesicular medium was 1 mM. Thirty-second Ca 2þ uptake measurements were performed at various temperatures (10^45 ‡C). Values are presented as mean þ S.E.M. (n = 4). Statistical analysis was conducted using one-way ANOVA. Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups. *, 2 F-Values having P 6 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered signi¢cant. Fig. 4 . Na þ -dependent Ca 2þ e¥ux from renal cells isolated from Hypo-T, Hyper-T and Eu-T rats. a, Eu-T; k, Hypo-T; 7, Hyper-T rats. Measurements were performed at 37 ‡C in the presence of 140 mM NaCl/choline chloride in e¥ux medium. Values are presented as mean þ S.E.M. (n = 6). Statistical analysis was conducted using one-way ANOVA. Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups. *, 2 F-Values having P 6 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered signi¢cant.
E¡ect of thyroid hormone status on Ca 2þ e¥ux renal cells
It was important to check the viability and integrity of the isolated cells prepared from renal cortices of Hypo-T, Hyper-T and Eu-T rats. Cell viability assessed by trypan blue exclusion was found to be similar in the three groups and exceeded 94% in fresh preparations. Viability of cells after carrying out various experiments was always more than 85% and similar in three group. The integrity of the cells was examined by measuring the leakage of the cytosolic enzyme lactic acid dehydrogenase (LDH), before and after experimental procedures. LDH activity released into the medium in the presence and absence of Triton X-100 (0.3%) was used to assess plasma membrane integrity. With freshly prepared cells, LDH activity was found in the extracellular medium after detergent treatment increased 7-fold (3Triton: 0.24 þ 0.06; +Triton: 1.71 þ 0.17 Wmol NAD/mg protein per min) in Eu-T rats, indicating that the plasma membrane of the isolated cells was highly preserved. Similar increase in LDH activity upon treatment with Triton X-100 was also observed in preparations derived from Hypo-T and Hyper-T rats (data not shown). The ratio of released LDH activity in the presence of Triton relative to the activity in the absence of detergent did not vary signi¢cantly in the three groups (data not shown). Na þ -dependent Ca 2þ (Na þ /Ca 2þ ) e¥ux at initial velocity was signi¢cantly higher in Hyper-T rats as compared to Hypo-T and Eu-T rats (Fig. 4) . Hypo-T rats showed a signi¢cantly decreased Na þ -dependent Ca 2þ e¥ux as compared to Eu-T rats. When Ca 2þ ionophore A23187 (1 Wm) was added to the medium, e¥ux was nearly complete (90^95%) in the presence of EGTA, and Na þ /choline. This indicated that the total exchangeable Ca 2þ was not altered by the extracellular cation. Next, the e¡ect of thyroid hormones on the kinetic constants of Na þ /Ca 2þ e¥ux was studied. Initial rate (5S) of Ca 2þ e¥ux was measured in the presence on various concentrations of Na þ (01 00 mM) in the extracellular medium. Na þ /Ca 2þ ef£ux in Hyper-T rats was higher at all the concentrations of extracellular [Na þ ] as compared to Hypo-T and Eu-T rats (data not shown). A Lineweaver^Burk transformation of the data showed that the V max of Na þ /Ca 2þ exchanger increased signi¢cantly in Hyper-T rats as compared to Hypo-T and Eu-T rats (Fig. 5) . Hypo-T rats showed a decrease in V max as compared to Eu-T rats. [Na þ ] 0:5 (Na þ concentration required for half maximal e¥ux of Ca 2þ ) was found to be similar in all three groups. Na þ -independent e¥ux of Ca 2þ from cells has been shown to depend upon the Ca 2þ pump activity of the BLM of enterocyte [24] . Since Ca 2þ e¥ux has been shown to occur only through the Ca 2þ pump and Na þ /Ca 2þ exchanger located in BLM of renal cells, we therefore studied the Na þ -independent ef£ux of Ca 2þ as a measure of Ca 2þ pump activity. . Statistical analysis was conducted using one-way ANOVA. Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups. *, 2 F-Values having P 6 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered signi¢cant.
Na
þ independent of Ca 2þ e¥ux from renal cells was not signi¢cantly altered in response to the thyroid hormone status, indicating that Ca 2þ pump activity was similar in the three groups (Fig. 6 ). When Ca 2þ ionophore A 23187 (1 Wm) was added to the medium, e¥ux was nearly complete (90^95%) in the presence of EGTA and choline. This indicated that the total exchangeable Ca 2þ was similar in all three groups.
E¡ect of thyroid hormones on cAMP content in renal cortex
Hypo-T rats showed signi¢cantly decreased cAMP content in the renal cortex (17.6 þ 1.8 nmol/g tissue) as compared to Hyper-T (34.4 þ 2.2 P 6 0.05) and Eu-T rats (24.3 þ 1.8 P 6 0.05). Hyper-T rats, on the other hand, showed a signi¢cantly raised cAMP content as compared to Eu-T rats (P 6 0.05).
Discussion
The present study was conducted to elucidate the mechanism of action of thyroid hormones on various steps involved in transcellular movement of Ca 2þ in the kidney of rat. Hence, the processes involved in reabsorption of Ca 2þ were studied in the rats rendered short-term hypo-and hyperthyroid. The short-term model of hypo-and hyperthyroidism was chosen since at the end of the experimental study signi¢cant changes in the Ca 2þ levels in plasma have not been observed by Kinsella and Sacktor [14] , as also observed in the present study. Moreover longterm hypothyroidism and hyperthyroidism have been shown to lead to signi¢cant changes in plasma ionised Ca 2þ , thereby a¡ecting the levels of Ca 2þ regulatory hormones, like PTH and 1,25(OH) 2 D 3 [25, 26] . Long-term hypothyroidism has also been to cause signi¢cant changes in renal haemodynamics and in the renal handling of salt and water [4] that may either interfere or mask the actions of thyroid hormones.
In response to the speci¢c dietary regimens for 3 weeks, the Hypo-T and Hyper-T rats exhibited a signi¢cant change in the serum T 3 and T 4 levels, indicating that hypo-and hyperthyroidism was induced (Table 1) . This is in accordance to the induction of hypo-and hyperthyroid state as demonstrated by Kinsella and Sacktor [14] and Prasad et al. [18] . Further, a signi¢cant change in the serum T 3 and T 4 levels was observed in Hyper-T rats between the 7th and 10th day of feeding speci¢c diets as com- Fig. 6 . Na þ -independent Ca 2þ e¥ux from renal cells of Hypo-T, Hyper-T and Eu-T rats. a, Eu-T; k, Hypo-T; 7, Hyper-T rats. Measurements were performed at 37 ‡C in the presence of 140 mM choline chloride in e¥ux solution. Ionophore A23187 (10 36 M) was added where speci¢ed. Values are presented as mean þ S.E.M. (n = 6). Statistical analysis was conducted using one-way ANOVA. Signi¢cance was calculated using pre-planned orthogonal contrasts comparing two groups. F-Values having P s 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered signi¢cant.
pared to the Eu-T rats (data not shown). On the other hand, a signi¢cant di¡erence in T 3 and T 4 levels in sera of Hypo-T rats was observed between 10th and 14th day of feeding speci¢c diets. These ¢ndings demonstrate that the hypo-and hyperthyroid state did not exist for more than 2 weeks at the end of dietary regimen. As expected, the dietary intake of the Hyper-T rats was signi¢cantly increased when compared with the Hypo-T and Eu-T rats ( Table  1 ). The increased dietary intake is known to be associated with the increased basal metabolic rate that exists in hyperthyroid state [23] . Therefore, in spite of ingesting a signi¢cantly higher amount of diet, the Hyper-T rats failed to gain weight, on the other hand there was a signi¢cant decrease in the body weight. These observations are consistent with earlier reports [18, 23] and the reverse is true for the hypothyroid state. However, the Hypo-T rats did not show a signi¢cant decrease in diet ingested, probably because the hypothyroid state existed only for about 1 week at the time of observation.
The plasma Ca, ionised Ca 2þ and creatinine levels did not vary signi¢cantly in either of the groups (Table 1). Our ¢ndings are consistent with those of Kinsella and Sacktor [14] , who observed that Ca 2þ levels did not vary in Hypo-T, Hyper-T and Eu-T rats. Since the ionised Ca 2þ levels in plasma were not altered, indicating that the levels of PTH and 1,25(OH) 2 D 3 which are the principal regulators of Ca 2þ homeostasis may not be altered. The GFR was found to be signi¢cantly increased in Hyper-T rats, and decreased Hypo-T rats, when compared with the Eu-T rats ( Table 2 ). The earlier reports have also demonstrated that the hyperthyroid state leads to increase in GFR [4, 9] . The GFR, when normalised for the respective body weight (GFR/100 g body weight), was signi¢cantly raised in the Hyper-T rats as compared to the Hypo-T and the Eu-T rats, indicating an increased ¢ltered load. The Hypo-T rats did show a decrease in the GFR/100 g body weight when compared with the Eu-T rats; however, it was not signi¢cant. The raised GFR is known to be associated with the increased cardiac output in the hyperthyroid state [3] . The increased kidney weight to body weight ratio observed in the Hyper-T rats in the present study is in accordance to the ¢ndings of Kobori et al. [3] . They demonstrated that thyroid hormone activates the intra-renal renin^angiotensin system via enhancement of renal renin mRNA expression, which then leads to renal hypertrophy. They rules out that the renal hypertrophy was preceded by enhanced haemodynamics.
In view of the signi¢cantly increased ¢ltered load in the Hyper-T rats, the absolute excretion would not have re£ected the true reabsorptive capacity of the kidney in response to thyroid hormone status, therefore the reabsorptive capacity of the kidney, in terms of FE Ca , was assessed. The signi¢cant reduction in FE Ca observed in the Hyper-T rats indicates increased reabsorptive capacity of the kidney for Ca 2þ , and the reverse is true for the Hypo-T rats ( Table 2 ).
The thyroid hormones are known to increase the uptake of Na þ (in change for H þ ) into the renal brush-border membrane vesicles is concordant with the action of the hormones in enhancing renal Na þ reabsorption [14, 27, 28] . Recent studies have demonstrated that thyroid hormones chronically regulate both brush-border membrane Na þ^Hþ exchanger activity, as well as Na þ ,K þ -ATPase activity and its expression [14, 29] . Therefore, it could lead to an increase in Na þ reabsorption, which may in turn cause a reduction of Na þ gradient across the basolateral membrane with respect to extracellular £uid in response to thyroid hormones. This phenomenon could accelerate the Na þ^C a þ exchange activity in basolateral membrane which was observed in this study. This event will manifest increment in the Ca þ reabsorption and reduction in EF Ca .
Transcellular movement of Ca 2þ in kidney involves three steps: (i) entry through the BBM of the renal epithelial cell, (ii) movement through cytoplasm to BLM and (iii) extrusion across BLM into extracellular £uid [30] . Thus, any of the three processes could have been modulated by the thyroid hormones to manifest their e¡ect on FE Ca . Since BBM is the ¢rst barrier to be crossed by the solutes to enter the renal epithelial cell, we ¢rst studied the e¡ect of thyroid hormones status on the Ca 2þ uptake into BBMV isolated from the renal cortex.
Thyroid hormones showed a stimulatory action on the Ca 2þ uptake into the renal BBMV ( Figs. 1 and  2 ). Thyroid hormone-mediated increase in the Ca 2þ uptake into the renal BBMV was apparent as a change in the apparent a⁄nity of the transport system and not the change in the maximal transport activity (Fig. 2) . Thus, alteration in the number of Ca 2þ transporter units does not appear to occur in response to thyroid hormone status. The change in the transition temperature in response to thyroid hormone state implies the alteration in the lipid environment of the Ca 2þ transporter (Fig. 3) . This possibility was further substantiated by earlier results of £uorescence polarisation studies carried out with the renal BBM in our laboratory [18] . It is well accepted that membrane undergoes many functional changes when subjected to various intrinsic and extrinsic stimuli by modi¢cation of its physical state. Membrane £uidity measurement parameters like rDPH (anisotropy of a £uorescence probe 1,6-diphenyl-1,3,5-hexatriene), PDPH (polarisation of 1,6-diphenyl-1,3,5-hexatriene) and microviscosity (poise/n) were increased in renal BBM of hypo-T whereas these, parameters were decreased in Hyper-T rats. These parameters are inversely proportional to membrane £uidity. The term 'membrane £uidity' denotes the structural and dynamic properties that determine the relative motions and order of lipid molecules in the membrane [3] . Because DPH partitions equally between gel and liquid crystal domains of membranes, its anisotropy gives a submicroscopical view of the overall membrane lipid order [32, 33] . This submicroscopical parameter is believed to be relevant for most physiological functional related to £uidity [32] .
Our ¢ndings suggest that Ca 2þ transporter is sensitive to changes in the physical state of the lipid environment that is induced by thyroid hormone status. Thus, membrane £uidity may be a major determinant of altered Ca 2þ transport across the renal BBM. Indeed, membrane £uidity has been shown to modulate various transport processes [34^36]. Speci¢cally, Ca 2þ transport across the intestinal BBM has been shown to be modulated by membrane £uid-ity [37, 38] . In the renal BBMV, increased phosphatidylcholine content resulted in an elevation of the rate of Ca 2þ uptake, indicating that the Ca 2þ transporter is modulated by the changes in the membrane lipid environment [39] . Recently, thyroid hormones have been shown to alter the £uidity of plasma membranes of the intestine and the kidney that was associated with increased uptake of Zn 2þ into intestinal and renal BBMV [18] . Thus, in our experimental model, thyroid hormone mediated alteration in membrane £uidity may be responsible for the enhanced Ca 2þ transport activity in the renal BBM. E¥ux of Ca 2þ across basolateral membrane is mediated by an ATP-dependent Ca 2þ -ATPase and Na þ /Ca 2þ exchanger [40, 41] . The Na þ -dependent Ca 2þ e¥ux from renal cells is known to occur through the Na þ /Ca 2þ exchanger and is regulated by PTH (20 Wl). Na þ -dependent Ca 2þ e¥ux from renal cells varied in parallel with the thyroid hormones' levels. Since PTH regulates the Na þ /Ca 2þ exchange in renal cell through the cAMP-mediated pathway, it was therefore imperative to measure the cAMP levels in the renal cortex from which the cells were isolated. The cAMP levels in renal cortices varied directly with the thyroid hormones level, raising a possibility that the PTH level may have been altered in these rats.
However, since the plasma Ca and ionised Ca 2þ levels were similar in all three groups, this ¢nding negated the possibility. The above results suggest that thyroid hormones directly modulated cAMP levels. Indeed, thyroid hormone status has been shown to modulate the cAMP generation and degradation in the kidney [42] . In addition, £uidisation of renal epithelial cells has been shown to stimulate adenylate cyclase activity that results in elevated cAMP levels [33] . Since thyroid hormones have been shown to increase the £uidity of intestinal and renal BBM [18] , it is therefore tempting to speculate that £uidity of the BLM may also be modulated in response to thyroid hormone state. Thus, membrane £uidity-mediated stimulation of adenylate cyclase could result in elevated cAMP levels that stimulate Na þ /Ca 2þ exchange in renal cells. Na þ -independent e¥ux of Ca 2þ from the cells has been shown to re£ect the activity of the Ca 2þ pump [22] . Na þ -independent e¥ux of Ca 2þ from renal cells isolated from Hypo-T, Hyper-T and Eu-T rats was similar, indicating no change in the Ca 2þ pump activity which is known to be regulated by 1,25(OH) 2 D 3 [43] . This ¢nding is in accordance to our proposal that 1,25(OH) 2 D 3 status of rats is not signi¢cantly altered during the experimental period.
Overall, the results of our study suggest that thyroid hormones increase reabsorption of Ca 2þ in kidney, and thyroid de¢ciency resulted in decreased reabsorption of Ca 2þ , in the rat. In uncomplicated thyrotoxicosis, GFR, RPF and tubular reabsorptive and secretory ability are usually increased. In our study the hypo-and hyperthyroid state existed for less than 2 weeks (short-term) when the experiments were performed. Recently, thyroxine treatment for 4 weeks has been shown to result in renal hypertrophy not induced by the changes in renal haemodynamics [3] . It is therefore possible that short-term e¡ects of thyroid hormones on kidney may be distinct from the long-term e¡ects. It is also possible that in the long-term hyperthyroid state, the enhanced skeletal Ca 2þ turnover over-rides the e¡ects of thyroid hormones on the Ca 2þ reabsorptive process, leading to the negative Ca 2þ balance observed by various workers [2, 9, 43] .
It is generally accepted that most Ca 2þ absorbed in proximal tubules (from which the BBMV used in the present study were derived) is passive and proceeds through the pericellular pathway [44, 45] . However, these studies also provided evidence for small but ¢nite components of active Ca 2þ absorption by proximal tubules. The presence of metabolically dependent active transport that traverses a cellular pathway represents only a small fraction of the total proximal Ca 2þ absorption. Thus, the active component constitutes V20% of the total Ca 2þ absorption and passive absorption constitutes the other 80%. The point to take note of is that only V1% of Ca 2þ is excreted in mature individuals in calcium balance, therefore, the e¡ects of thyroid hormones on the Ca 2þ reabsorptive process may indeed be of physiological signi¢cance.
Thus, in view of the results of our study we conclude that thyroid hormones have di¡erent e¡ects as regards long-term supplementation of hormones. Thyroid hormones increase the Ca 2þ reabsorptive process in the kidney of rats. At the BBM level, the Ca 2þ transport system appears to be modulated by changes in membrane lipid environment as indicated by altered membrane £uidity. At the BLM, the Na þ /Ca 2þ exchange process is increased in response to the thyroid hormone level, possibly by activation through the cAMP-dependent pathways. [31] 
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